Fungiform papillae (FP) on human tongue are the proxy structures designated to oral stimuli detection and transduction. However, the role of their density (fungiform papillae/cm 2 ) in explaining oral sensitivity is still controversial. While early studies generally found that the responsiveness to oral stimuli increased as the number of papillae increased, recent large-scale studies failed to confirm this finding. The present paper reviews relevant studies dealing with the relationship between FP density and responsiveness to oral sensations including: fundamental tastes, 6-n-propyl-2-thiouracil (PROP), and sensations from trigeminal stimulation. Manual methods and automated methods for papillae detection and quantification are reviewed and their advantages and limitations highlighted. The main factors affecting FP density and functionality (age, gender, pathologic impairments) are also considered. Possible bias related to methodological issues in counting technique (equipment used, area and location of the tongue to count, procedures to validate the count), population sample (demographics), and sensory response collection (threshold or supra-threshold stimuli, intensity scaling) are illustrated. The lack of information related to the variability in taste pores density and the possible impairments due to nerve damages, may obscure the relationship between FPD and oral responsiveness.
Introduction
Individuals differ greatly in oral responsiveness to sensory stimuli due in part to physiological variations in chemoreceptor systems. Phenotype markers of taste sensitivity are often taken into account when exploring the association between oral stimuli intensity perception and food preferences (Hayes et al. 2013; Cox et al. 2016; Shen et al. 2016; Monteleone et al. 2017) . Taste pores, the peripheral structures for taste sensing, mainly reside in gustatory papillae (fungiform, foliate, and circumvallate) on the mammalian tongue (Feng et al. 2014 ), but are the fungiform papillae (FP) (mushroom shaped) that have frequently been selected as phenotype markers of taste sensitivity, because of their relative abundance, their accessibility on the anterior part of the tongue, and their association with taste bud density Reedy 1990a, 1990b) . Moreover, mechanical and electrical stimulation of individual FP has been shown to produce taste sensations (Cardello 1981) .
Both gustatory nerves and trigeminal nerves co-innervate lingual FP (Mistretta and Liu 2006) . For the detection of tastes, tastants are bonded to different receptors in taste receptor cells (TRCs) (Lindemann 2001) , and the bond initiates signaling pathways leading to taste perception (Ishimaru and Matsunami 2009) . The transduction cascades activate synapses and cause the excitation of the nerve fibers which carry the signal to the brain stem, where central taste processing begins, ultimately eliciting adaptive responses (Lindemann 2001) . Since TRC are renewed at a constant rateapproximately every 8-12 days (Feng et al. 2014 )-and nerve fibers must reconnect them, the maintenance of gustatory innervation and the functioning of the regulation of this process (Meng et al. 2015) may have an important role in oral responsiveness.
Considerable individual variability has been reported in both FP and taste pore densities. The density of FP (fungiform papillae/cm 2 = FPD) varies from 0 to over 200 papillae/cm 2 (Zhang et al. 2009; Fischer et al. 2013) . Taste pores density (taste pores/ cm 2 = TPD) is determined by the number of papillae in a region and by the number of taste pores per papillae (Miller and Reedy 1990b) . The number of taste buds per papilla varied from 0 to 23 in adults (Segovia et al. 2002; Saito et al. 2016) .
Taste intensity is a function of both tongue area stimulated and stimulus concentration (Smith 1971) , and is proportional to the number of stimulated FP (Smith 1971) . Hence, Delwiche et al. (2001) found a proportional increase in bitterness intensity of PROP (6-n-propyl-2-thiouracil-a molecule that may taste either tasteless or intensely bitter, depending on individual variation in polymorphism of TAS2R38 gene) with FP number, which they interpreted as an example of spatial summation. A number of studies have demonstrated a positive relationship between FPD and taste sensitivity, finding that subjects with higher FPDs perceived greater intensity from supra-threshold stimuli (Smith 1971; Miller and Reedy 1990b; Stein et al. 1994; Bartoshuk 2000; Delwiche et al. 2001; Yackinous and Guinard 2002) . Since the number of FP positively correlated with the number of taste pores (Miller and Reedy 1990a) , and taste pores are responsible for taste stimuli detection, it was gradually assumed that the higher the FPD the higher the perceived taste intensity. However, more recent studies using large population samples have failed to find a relationship between FPD and responsiveness to taste (Fischer et al. 2013; Dinnella et al. 2016) , suggesting that the relationship FPD-responsiveness is much more complex than this.
A similar pattern of conflicting results is evident with non-taste oral sensations that derive from stimulation of trigeminal nerve (cn. V) somatosensory fibers that are anatomically associated with FP alongside taste fibers from the chorda tympani (cn. VII) (Whitehead et al. 1985; Prescott et al. 2004 ). This anatomical colocation can explain the positive correlations between FPD and trigeminally mediated oral somatosensations such as the textural aspects of creaminess Duffy 2007, 2008; Nachtsheim and Schlich 2013; Proserpio et al. 2016) , roughness (Bakke and Vickers 2008) , alcohol burn (Duffy et al. 2004a (Duffy et al. , 2004b , and tongue spatial resolution acuity (Essick et al. 2003; Bangcuyo and Simons 2017) . The presence of nociceptor fibers in papillae epithelium led to speculation about the association of FPD with responsiveness to irritant stimuli (Viana 2011 ). An indirect positive relationship between FPD and burning from capsaicin was hypothesized, since PROP super-tasters were found to be more sensitive to capsaicin (Karrer and Bartoshuk 1991) and had a significantly higher number of FP (Tepper and Nurse 1997) . PROP responsiveness was also associated with a higher response to irritant sensations, such as irritation from zingerone (Prescott and Swain-Campbell 2000) , alcohol burning (Prescott and Swain-Campbell 2000; Duffy et al. 2004b) , heat/ irritation in red wines (Pickering and Robert 2006) , irritation in carbonated fruit drinks (Prescott et al. 2004) , astringency in red wines (Pickering and Robert 2006) , and coffee (Masi et al. 2015) . However, other studies found that the perception of oral irritation from capsaicin was not associated with PROP taster status (Prescott and Swain-Campbell 2000; Törnwall et al. 2012) , nor that FPD related to the perceived intensity of capsaicin burning (Feeney and Hayes 2014b) or to the astringency in coffee (Masi et al. 2015) . Thus, despite substantial research into the relationships between FPD and the intensity of either taste or oral somatosensory qualities, uncertainty remains on the nature of these associations. The failure to definitively establish such relationships may arise from 1 or more of the following 3 domains:
1. Methodological issues, including techniques used for FP identification and counting, as well as variations in quantifying sensory intensity; 2. Experimental design issues, including target population size, age range and sex distribution, and sensory test designs and techniques; 3. FP functionality, that is the functioning of FP in the population of individuals involved. The observation of the FP anatomical structure does not tell us about the number of TP (Just et al. 2005a; Saito et al. 2016) , the eventual presence of damaged nerves that alter perception (Bartoshuk et al. 2012 ), or about the degree of keratinization which can make FP more susceptible to noxious and mechanical stimulation (Whitehead et al. 1985) . Thus, the simple quantification of FP may not be strictly predictive about the functioning of these structures.
The quantification of FP and the understanding of the impact of individual variability in FP number and functionality can importantly contribute to explaining food perception and preference via reduced/increased sensibility to oral stimuli. The present paper aims to review the most relevant and recent research on the functional significance of FPD, with the following objectives: 1) To consider data on the relationship between FPD and oral sensitivity and the effect of different approaches in assessing sensory responses (threshold or supra-threshold stimuli, intensity scaling); 2) To consider the main factors affecting FPD and functionality (age, gender, pathology); and 3) To review existing methods for the FPD assessment and to evaluate the impact of their variations on estimating FPD values.
Relationship between FP and oral responsiveness

Fungiform papillae and fundamental tastes
A number of studies have related taste responsiveness to FPD and have observed positive associations with bitter, sour, sweet, and umami tastes, while a weak inverse relationship has been reported between FPD and salty taste (Feeney and Hayes 2014b; Fischer et al. 2013; Piochi et al. 2017) . However, despite these and other studies over the past few decades, the relationship between FPD and taste responsiveness remains unclear. In this section, we examine the potential contribution of factors that may contribute to varied outcomes in such studies. These factors include the method adopted for the oral stimulation (whole mouth versus regional stimulation), the procedure to collect responsiveness data (threshold or supra-threshold stimuli, intensity scaling), and the type of stimuli used (water solution vs. complex food models).
Saltiness
Initial studies on saltiness and taste structures showed that subjects with a high number of taste buds gave significantly higher intensity ratings for NaCl (Miller and Reedy 1990) . Doty et al. (2001) demonstrated that the sensitivity to NaCl varies across discrete regions of the anterior tongue and that it was also related to the relative number of FP, independently of the region stimulated. Doty et al. (2001) found that threshold for NaCl estimated by regional stimulation significantly decrease with the increase of FPD. However, this study used a small number of subjects (<10). Studies which failed to find any relationship between FP and saltiness include those using both whole-mouth stimulation with NaCl solutions (Webb et al. 2015) and localized regional stimulation with NaCl (Duffy et al. 2004b; Fischer et al. 2013; Feeney and Hayes 2014b) . FP did not explain intensity differences in saltiness in chicken broth, in contrast to a positive relationship seen in aqueous solutions in whole mouth stimulation . Saltiness is the only taste for which a significant inverse relationship between the number of FP and the taste intensity was found (Fischer et al. 2013; Feeney and Hayes 2014b; Piochi et al. 2017) . One of these studies found that the inverse relationship between FPD and saltiness intensity only applied for males (Feeney and Hayes 2014b) .
Sourness
Most studies on sourness and FPD have failed to find significant relationships (Duffy et al. 2004b; Feeney and Hayes 2014b; Webb et al. 2015; Piochi et al. 2017 ). FPD was not associated with the intensity of citric acid (CA), using either whole mouth stimulation at suprathreshold concentrations nor when CA at the same concentration was applied to the tongue using cotton buds (Duffy et al. 2004b) . No correlation was found between FPD and intensity of sourness, when measuring CA thresholds or at suprathreshold when using CA soaked filter papers applied to the dorsal tongue (Webb et al. 2015) . Such findings are consistent with earlier failures to find a relationship between density of FP taste pores and suprathreshold CA sourness (Miller and Reedy 1990b) . Instead, detection threshold values for CA were found to be inversely related to the number of taste pores, independently from of gender or age (Zuniga et al. 1993 ). In the one study that has examined this relationship in a real food product, those with high FPD rated coffee sourness as significantly higher than those with lower FPD (Masi et al. 2015) .
Sweetness
The sweetness of a relatively concentrated (0.2125 M) sucrose solution, elicited on different areas of the tongue with filter paper, was found to be greater as the number of papillae increased both in children (8 years) and in adults (20-30 years) (Stein et al. 1994 ). Miller and Reedy (1990b) reported also that the density of taste pores was positively and strongly associated to the intensity of sucrose sweetness (0.032-1.0 M). Sweetness of milk/sugar mixtures was positively correlated with FPD (Hayes and Duffy 2007) . However, other studies evaluating the relationship between FPD and sucrose failed to find significant relationships either with suprathreshold concentrations applied to different tongue regions (Fischer et al. 2013; Feeney and Hayes 2014b) , or with either suprathreshold or perithreshold concentrations evaluated using whole mouth stimulation (Webb et al. 2015) . One study evaluating the responsiveness to suprathreshold sucrose concentrations on different tongue regions found only significant positive FPD/intensity relationships among females, suggesting that the FPD/taste relationships are gender-specific (Feeney and Hayes 2014b) . For the non-nutritive sweetener, acelsulfame-K, no significant relationship with FP was found in either men or women (Feeney and Hayes 2014b) .
Umami
A few studies have considered the relationship between FP number and responsiveness to umami solutions (Feeney and Hayes 2014b; Webb et al. 2015; Piochi et al. 2017) , but a positive significant relationship was only found in a single female group (Feeney and Hayes 2014b) .
Bitterness: quinine and caffeine
Studies on bitter taste and FPD have most commonly involved the use of 3 compounds: quinine-HCl, caffeine, and 6-n-propylthiouracil (PROP). For quinine, a positive relationship was found using a lowintermediate suprathreshold concentration of quinine (0.32 mM) Duffy et al. 2010 ), while no relationship was found at higher concentrations in whole mouth stimulation (0.41 mM) (Feeney and Hayes 2014b) . For caffeine, a positive relationship has been found when high concentrations were used, either for suprathreshold or threshold stimuli (Masi et al. 2015; Proserpio et al. 2016 ). However, no relation was found between FPD and bitterness in coffee (Masi et al. 2015) .
Bitterness: 6-n-propyl-2-thiouracil (PROP)
The role of FPD in determining bitter taste intensity has been extensively studied using PROP, largely as an attempt to understand other contributions to perceived PROP intensity apart from TAS2R38 haplotypes. The relationship is also considered important since both measures have been used as indices of taste sensitivity in general. Thus, one definition of PROP super-tasters is those individuals who perceive PROP as intensely bitter and who have a high number of FP (Essick et al. 2003) . Indeed, many studies have reported a positive relationship between PROP bitterness and FPD (Bartoshuk et al. 1994; Tepper and Nurse 1997; Delwiche et al. 2001; Yackinous and Guinard 2001; Yackinous and Guinard 2002; Essick et al. 2003; Duffy et al. 2004a Duffy et al. , 2010 Hayes and Duffy 2007; Yeomans et al. 2007; Bajec and Pickering 2008; Hayes et al. 2010) . The magnitude of this association in these studies has shown considerable variation, ranging from relatively high (Pearson Coefficient values r > 0.8) (Delwiche et al. 2001; Essick et al. 2003) , to moderate (r ≤ 0.5) Hayes et al. 2010 ) and low (r ≤ 0.3) (Duffy et al. 2004 ); Schlich 2013, 2014) .
However, in common with studies of other tastes and FPD, several recent studies have failed to find a significant FPD/PROP bitterness relationship (Bakke and Vickers 2011; Fischer et al. 2013; Garneau et al. 2014; Feeney and Hayes 2014a; Barbarossa et al. 2015; Masi et al. 2015; Dinnella et al. 2016) . The relationship between PROP bitterness and FPD was found to differ across genotypes, with FPD being a strong determinant of PROP bitterness only in the homozygous groups (PAV/PAV; AVI/AVI) but not in the PAV/AVI subjects . The positive association found between PAV/ PAV diplotype and FPD (Melis et al. 2013) was not later confirmed (Duffy et al. 2004a; Fischer et al. 2013; Feeney et al. 2014; Garneau et al. 2014; Barbarossa et al. 2015) . Thus, existing findings do not allow us to conclude that a direct association of TAS2R38 genotype and FPD exists.
Polymorphisms of gene controlling for gustin functionality (rs2274333) and its association with polymorphism of TAS2R38 have been hypothesized as possible factors involved in FPD variation.
Gustin is a zinc-dependent salivary protein, described as trophic factor for taste pores (Henkin et al. 1999) . Polymorphism in the gustin gene (A/G) gives rise to 3 forms: homozygous dominant A/A (native form of the protein), heterozygote A/G (intermediate form), and homozygous recessive G/G (the less functioning structure) (Padiglia et al. 2010) . The polymorphism of rs2274333 alone predicts 16% of the variance of FPD (Barbarossa et al. 2015) . G/G diplotype is associated with a lower FPD and to a higher proportion of unusually large and distorted FP (Melis et al. 2013; Barbarossa et al. 2015) . Genotype A/A and allele A are higher in TASR38 homozygous (PAV/ PAV), while genotype G/G and allele G are more frequent in nontaster AVI/AVI (Padiglia et al. 2010; Calò et al. 2011; Barbarossa et al. 2015) . The lack of consensus across studies exploring the association of TAS2R38 and rs2274333 polymorphism with FPD variation might depend on several concomitant factors: existing data on associations between TAS2R38 and gustin genes are scarce, results often came from relatively small sample size, and population details were not always available.
Methodological issues
An overarching issue in estimating the relationship between FPD and tastes, including PROP, is that the density of papillae alone does not directly predict the taste pore density. A positive relationship between FP number and TP per FP has only been demonstrated on a small sample size (Miller and Reedy 1990a) . As most recent studies use techniques which do not allow the taste pores quantification, it is unclear just how reliable FPD is as a proxy for stimulation of taste receptors.
Using whole mouth stimulation, taste responsiveness reflects stimulation of taste buds in multiple regions of the tongue, soft palate, larynx, and pharynx (Miller and Bartoshuk 1991) , while in regional stimulation the effect of tongue locus on taste stimuli perception strongly reflects the characteristics of the particular receptor population present in each locus (Collings 1974) . Since taste pore distributions vary highly across the regions of the oral cavity (Miller and Bartoshuk 1991) , whole mouth and regional stimulation may provide different responses when evaluating the relationship between FPD/taste responsiveness. However, studies that used regional stimulation are too few in number to be compared to studies that used whole mouth stimulation (Appendix Table A1 ), thus not allowing a general conclusion to be drawn.
Fungiform papillae and trigeminal stimulation
Stimulation of branches of the trigeminal nerve in the oral cavity gives rise to a wide range of oral sensations, including somatosensory (tactile) sensations (Haggard and de Boer 2014) and chemesthesis (including irritant and burning qualities) (Viana 2011) . Given the extensive innervation of FP by trigeminal fibers (Farbman and Mbiene 1991) , it has been suggested that papillae density, and hence the number of the activated trigeminal fibers, underpins the intensity of trigeminally mediated qualities (Prescott et al. 2004) . Hence, individuals with fewer FP may experience less intense irritation or somatosensory sensations in the mouth (Fischer et al. 2013) .
Physical properties and textural sensations
Stimulation of mechanoreceptors may underlie a variety of common oral sensations, including viscosity, creaminess, fattiness, and many other textural qualities in foods and beverages (Prescott et al. 2004) . Since mechanoreceptors of the oral mucosa are organized in elongated or globular-shaped corpuscles and are located in the connective tissue of papillae (Watanabe 2004) , variations in FPD may be associated with variations in responsivity to textural properties. Despite the high number of food qualities ascribable to texture, few studies are available on the relationship between textural qualities and FPD. Moreover, reports of the relationship between FPD and tactile sensations have reached inconsistent conclusions. Essick and colleagues (2003) found, for example, that oral spatial tactile acuity, measured as the ability to distinguish small plastic letter shapes on the tongue, was strongly correlated with FPD. This finding has been recently confirmed by a study that found that lingual tactile sensitivity increased (tactile thresholds decreased) as the FP density increased (Bangcuyo and Simons 2017) . While such findings might be expected to have important implications for subjects' responses to food texture, it has also been reported that the intensity of roughness in bread was not significantly associated with FPD (Bakke and Vickers 2008) . Similarly, pure tactile stimulation of the tongue surface (by von Frey filaments) and perception of the resultant pressure sensations were not related to FPD (Nachtsheim and Schlich 2013) .
Perceptions of creaminess in foods are at least partly a function of tactile properties underlying liquid viscosity, and there is some evidence that FDP reflects the intensity of such sensations. FPD has been positively associated with the perceived creaminess in milk-cream mixtures Duffy 2007, 2008) . And, while Nachtsheim and Schlich (2013) did not find any significant variation in "creaminess" ratings in subjects with a different FP count, they did report that subjects with a higher number of FP gave higher ratings for fat perception in milk-cream mixtures with different amounts of fat (16.75%, 30.00%, 70.00%), and they hypothesized that the simultaneous evaluation of "fat content" and "creaminess" in the same session may have detrimentally affected the creaminess rating, due to the fact that subjects had to simultaneously evaluate 2 attributes instead of one.
Irritants: capsaicin and alcohol
Capsaicin is the main pungent ingredient in "hot" chilli peppers and elicits a sensation of burning pain by selectively activating the nociceptor TRPV1 (Caterina et al. 1997) , which also responds to ethanol in a concentration-dependent manner (Trevisani et al. 2002) . Since nociceptors innervate epithelium of oral papillae, subjects with higher FPD may be more sensitive to irritant substances. Few studies have documented the relationship between FP density and perceived oral burn (Feeney and Hayes 2014b) . When comparing the responses of PROP non-tasters and tasters to capsaicin burn on both the dorsal (containing taste papillae) and ventral (no papillae) surfaces of the anterior tongue, the relationship between intensity of oral burn and PROP status holds only at sites possessing taste papillae, therefore it was suggested that the differences in responses to oral irritation of capsaicin depended on variations in FPD (Karrer and Bartoshuk 1991) . However, the only study that specifically considered this relationship, found that ratings of capsaicin burn and FP number were uncorrelated (Feeney and Hayes 2014b) . Like capsaicin, ethanol has been shown to be an irritant for oral mucosa and it is able to induce desensitization after repeated stimulation (Prescott and Swain-Campbell 2000) . Fungiform papillae numbers have been shown to be significantly correlated with intensity of alcohol irritation, and subjects with the greatest FP number exhibited the most intense oral burn from alcohol (Duffy et al. 2004a (Duffy et al. , 2004b .
Thermal taster status
Thermal taste is the ability to perceive taste sensations as a result of heating or cooling of a small area of tongue in absence of tastants ("phantom" taste) (Cruz and Green 2000) . Since thermal taste is due to temperature-sensitive neurons in human chorda tympani and glossopharyngeal nerves which encode taste instead of temperature (Cruz and Green 2000) , higher FPD may be associated with a higher degree of innervation by these specific neurons, thus giving a positive relationship between FPD and thermal taste. Recently, a cross-modal integration mechanism with interaction of stimulation to taste and trigeminal nerves in thermal tasters has been proposed (Hort et al. 2016 ). Currently, a few studies specifically considered the relationship between FPD and thermal status and no significant associations have been found (Bajec and Pickering 2008; Eldeghaidy et al. 2017 ).
Factors affecting FP density and functionality
This section addresses how FPD changes during the aging process and variations in FP functionality, in order to understand whether these changes influence the relationships between FPD and oral responsiveness.
Age
Fungiform papillae are formed early in gestation (Witt and Reutter 1997) and their number evolves during the first few years of life. Children (8-9 years) show higher FPD than adults (Segovia et al. 2002) . The number of papillae ceases to increase from around 9-10 years of age, and the distribution and growth of papillae become stabilized at around 11-12 years (Correa et al. 2013) .
Children (8 years) were found to have higher responsiveness to sucrose in specific areas of the tongue, and, only in these areas, the number of FP of children was higher than adults (Stein et al. 1994) , suggesting that higher regional responsiveness for sucrose underlies higher FP. The decrease of FPD occurring with age was found to be more pronounced in the tongue tip than to edges of the tongue (Just et al. 2006 ).
In adults, most studies report that age is negatively correlated with FPD (Segovia et al. 2002; Correa et al. 2013; Pavlidis et al. 2013; Dinnella et al. 2016; Shen et al. 2016) . In a study of over 2000 subjects aged from 21 to 84 years, a linear decrease in FPD with increasing age was noted (Fischer et al. 2013) . Moreover, this effect has been shown in studies examining different age-spans (years): 21-84 years (Fischer et al. 2013) , 10-80 years (Pavlidis et al. 2013 ), 18-55 years (Shen et al. 2016) , and children (7-12 years) versus adults (20-24 years) (Correa et al. 2013) . In the few cases where no significant decrease in papillae density was found with increasing age (Bajec and Pickering 2008; Feeney and Hayes 2014b; Masi et al. 2015) , the lack of effect can be attributed either to the narrow agespan considered or to the limited number of subjects studied.
Fungiform papillae morphology also changes with age. Fungiform papillae diameter is significant smaller in children (8-9 years) than in adults (Segovia et al. 2002) , ranging from 0.31 to 0.91 mm in children and from 0.42 to 1.15 mm in adults. Children also show significantly more symmetrically shaped papillae than adults (Segovia et al. 2002) . Similar numbers of taste pores per FP have been found in children and adults, but, since children have higher FPD, this results in them having much higher taste pore densities (Segovia et al. 2002) .
Aging also affects the functioning of papillae. There is evidence that the vascularization of FP was poorer at the tip of the tongue in subjects older than 60 years, compared to younger subjects (Pavlidis et al. 2013) . No statistically significant differences in FP shape and in tongue tip vascularization between the 2 sexes were detected within the same age group (considering 8 different groups with an age span ranging from 10 to over 70 years), except in subjects aged 10-15 years and 20-29 years in which the better combinations of shape/vascularization were found in females than in males (Pavlidis et al. 2013) .
Gender
Evidence about the contributions of gender to variations in gustatory functions have been recently reviewed (Martin and Sollars 2017) . Human thresholds for stimulus detection appear to differ between sexes for several stimuli, with women detecting basic taste stimuli at lower concentrations than men (Joseph et al. 2016 ). However, whether this is reflected in FPD is unclear. Several studies have failed to find a significant effect of gender on FPD (Yackinous and Guinard 2002; Just et al. 2006; Bakke et al. 2007; Yeomans et al. 2007; Bajec and Pickering 2008; Bakke and Vickers 2008; Correa et al. 2013; Nachtsheim and Schlich 2014; Feeney and Hayes 2014a; Masi et al. 2015) . However, some of these studies had unbalanced male/female ratios (males ≤30%) Vickers 2008, 2011; Nachtsheim and Schlich 2014) or had a relative low number of subjects (n ≤ 60) (Just et al. 2006; Yeomans et al. 2007 ).
Other studies have reported a significant effect of gender on FPD, with women consistently having a higher number of FP (Bartoshuk et al. 1994; Tepper and Nurse 1997; Duffy et al. 2004a; Duffy et al. 2010; Fischer et al. 2013; Pavlidis et al. 2013 ). In one large study (2371 subjects; 49% males), higher FPD was found in females (108.4 papillae/cm 2 ) compared to males (97.9 papillae/ cm 2 ), even after adjusting for the effects of age (Fischer et al. 2013 ). Moreover, a number of studies have found data trends in this same direction (Duffy and Bartoshuk 2000; Duffy et al. 2004b; Duffy 2007, 2008; Hayes et al. 2010; Feeney and Hayes 2014b; Shen et al. 2016) . One study found that changes in FPD are present in both men and women in a rather non-uniform manner as a result of age (considering 8 different groups with an age span ranging from 10 to over 70 years) (Pavlidis et al. 2013 ). In addition, women showed a greater variability in taste buds number compared to men in several studies (Prutkin et al. 2000) . When considering the combined effect of gender and PROP status on papillae density, female STs were found to have a disproportionately high density of FP compared to males and to MTs and NTs (Bartoshuk et al. 1994; Prutkin et al. 2000) .
Shape, dimension, and pathologic impairments
Understanding whether morphological factors (such as shape and size) can affect FP functionality may help in clarifying the relationship between FPD and taste responsiveness. The phrase "papillae functionality" can be defined as either the individual variability either the individual variability existing in healthy papillae, or the degree of deviation from normal functioning of papillae due to a pathological situation.
Most importantly, individual variability in taste responsiveness could be associated with differing numbers of taste pores. Taste pore density has been shown to vary highly between adult individuals, from 36 taste pores/cm 2 to 511 TP/cm 2 (Miller and Reedy 1990b ). Fungiform papillae contain from 0 to 22 taste pores, with an average of 3.75 ± 1.4 (SD, n = 10) (Miller and Reedy 1990a) . Estimates of the actual percentage of FP that contain pores also vary considerably across individuals, ranging from 8% (Reedy et al. 1993 ) to 68% (Cheng and Robinson 1991) . One study found that 42% of single stimulated FP were unresponsive to any taste stimuli (sucrose, quinine sulfate, NaCl, HCl), probably due to the absence of taste pores (Cardello 1978) . Most responsive papillae responded to more than one taste quality and the number of taste qualities perceived by taste pores-bearing papillae varied from 1 to 4 (Arvidson and Friberg 1980) . Recently, studies showed that differences in taste responsiveness can be due to differences in taste cells within the taste pores (Yoshida et al. 2017) and in the type of fibers innervating FP which responded differently to chemical, thermal and mechanical stimuli (Yokota and Bradley 2017) . Taken together, these findings suggest that FPD alone cannot be taken as an indicator of oral responsiveness because this measure does not provide information about the FP functionality in terms of taste pores density.
Variability also exists in FP morphology. Thus, the diameter of FP varied 1.9-fold (from 0.51 to 0.97 mm) in one study of healthy adults (Essick et al. 2003 ). An estimate from another study of FP diameter gave a range of 0.42-1.15 mm in adults and 0.35-0.91 mm in children (Segovia et al. 2002) . FP diameter has been shown to decrease linearly with FP density (Essick et al. 2003) .
The regularity of FP shape can be measured as spatial distortion by measuring their diameter in 4 dimensions (at 0, 45, 90, and 135°) and considering the variability in these measures (Melis et al. 2013) . In this study, a FP was considered distorted when the standard deviation of the 4 measures was ≥0.088. Moreover, both the distortion and the percentage of distorted papillae depended on gustin genotype (Melis et al. 2013) . Subjects with GG gustin genotype showed higher percentage of distorted papillae, as well as papillae with significantly larger diameters, than the other genotypes (AG, AA) (Melis et al. 2013 ). These variations in morphology affected PROP responsiveness, such that GG gustin genotype subjects were less responsive to PROP, as shown by significantly higher thresholds (Melis et al. 2013) .
Pathologies of various kinds can have an impact on FP morphology and function. In cases of deviation from normal functioning of FP, Negoro et al. (2004) proposed a classification of FP based on the shape and on the nature of the associated blood vessels. Normal tasters (subjects who correctly recognized fundamental taste quality of solutions) showed round-shaped papillae and clear blood vessels, while subjects with taste disorders (reduced ability to recognized taste due to different causes-idiopathic, surgery, or drug consumption) showed atrophic, irregular, and tapering FP (Negoro et al. 2004) . A flattening of FP was observed in many patients with decreased secretory function in both salivary glands (Tanaka 2009 ). Patients with salivary gland dysfunction also had abnormal morphology of the papillae of the tongue (Tanaka 2009 ). FPD is reported to be reduced in patients with diabetes mellitus (Pavlidis et al. 2014 ) and in adolescent females with eating disorders (Wöckel et al. 2008) . Otitis media, tonsillectomy, head, and neck radiation treatment can all damage nerves associated with oral stimulus detection (see (Bartoshuk et al. 2012) , thus altering taste sensation without affecting tongue anatomy. Such effects may strongly obscure the potential relationship between FPD and oral responsiveness (Snyder et al. 2014 ).
Procedures for FP counting
FP counting is, in general, based on tongue coloring using a blue dye, generally a commercial food colorant or, less frequently, methylene blue Reedy 1990, Duffy and Bartoshuk 2000; Just et al. 2006; Pavlidis et al. 2013) . Filiform papillae adsorb the coloring agent while FP do not, thus tongue coloring results in a blue background on which FP are visible as pink/uncolored spots.
General preliminary procedures for FP counts include the following 3 steps. Firstly, subjects rinse their mouth with water prior to the beginning of the session and then are seated in a comfortable position with their head and neck supported to minimize head movement. Then, subjects are asked to swallow the excess saliva or to dry their tongue by using filter paper to avoid dye spread. Lastly, the tongue is stained with blue colorant to make FP more visible (Miller and Reedy 1990a) . Colorants can be applied to a large region of the tongue (Temple et al. 2002; Essick et al. 2003) , or alternatively, only the portion of interest can be stained, using hand-made templates (Haryono et al. 2014) or by applying a pre-dyed filter paper (Bajec and Pickering 2008) .
The procedure for FP quantification changes according to the device used for FP detection. The techniques include 3 main approaches. The first group of methods includes video filming of the tongue, extracting frames from the video, eventual modification of the extracted frames to improve the contrast FP/background, and manual counting. A second approach envisages the acquisition of digital pictures of the tongue, the modification of these images by suitable software to increase the FP/background contrast generally, followed by a manual count. As third approach, image analysis for FPD estimation has recently been proposed (Sanyal et al. 2016; Valencia et al. 2016; Eldeghaidy et al. 2017; Piochi et al. 2017 ) to be conducted on digital photos. Lastly, direct counting of the FP on the stained tongue is sometimes undertaken using a hand-held cellcounter device or tailor-made templates.
Further differences in procedures used include variations in the extent and the localization of the area on the tongue considered for the papillae count, the criteria used to identify FP, including the adoption or not of a reference protocol to train counting operators, and whether or not procedures to check the count's reliability are used.
Equipment
The equipment used to detect FP may be divided into: filming technique [video-microscope, contact endoscopy (CE), confocal laser scanning microscopy (CLSM)], digital photography (digital camera and digital microscope), and direct techniques (Table 1) . Video microscopy was the first non-invasive technique used to quantify FP in living humans Reedy 1990a, 1990b; Segovia et al. 2002) and is useful for observation of the surface of tongue papillae (Segovia et al. 2002; Negoro et al. 2004) . Although being an excellent tool for the purpose, due to the high quality of images, its use is limited to the research laboratory (Shahbake et al. 2005; Feeney and Hayes 2014b ) since the equipment is not portable and is expensive. Furthermore, the procedure is quite demanding for subjects because of its long duration (approximately 60-120 min) and the fact that subjects are required to maintain their tongue motionless (Miller and Reedy 1990a; Segovia et al. 2002) . This issue is difficult for some subjects, especially children (Segovia et al. 2002) , making the acquisition of good quality images a problem. While methods of digital photography and video-microscopy display the surface of the tongue, CLSM, and CE visualize the tongue epithelium with the peripheral taste organ, blood vessels, and the blood flow (Negoro et al. 2004; Just et al. 2005b; Pavlidis et al. 2013) . In CE, the endoscope is placed on the tongue surface and images are monitored immediately. CE is mainly used to assess the vascularization, shape, and density of FP (Just et al. 2006; Pavlidis et al. 2013) . Confocal laser scanning microscopy is currently the only imaging modality to in vivo visualize the taste bud structure (Just et al. 2005; Srur et al. 2010; Saito et al. 2016) . In this technique, small volumes of tissue are scanned and images with microscopic resolution up to depths of several hundred micrometers are provided (Just et al. 2005a ). Moreover, CLSM has been adopted to show changes in the morphology of the peripheral taste organs over time (diameter of the taste pore, volume of the taste bud, and diameter of fungiform papilla) (Srur et al. 2010) .
Images from digital cameras are often of sufficient quality to obtain images of tongue surface comparable to those produced by video microscopy (Shahbake et al. 2005) . Digital cameras are portable, less expensive compared to video microscopes, and only require an average of 5-15 min for picture acquisition. Thus, FP detection by digital camera has become widely used, allowing advantages from the improved quality of digital images, and progress in computer software for image recording and analysis. Digital images can be easily modified using software (e.g., Adobe Photoshop, ImageJ, FotoFiltre) that enhances FP resolution and greatly helps in selecting areas for counting. Recently, digital microscopes have appeared a practical and inexpensive alternative to the digital camera (Temple et al. 2002; Masi et al. 2015; Shen et al. 2016) . Alternatively, FP have been quantified using tailormade devices. Examples of tailor-made devices are: supports in stiff transparent Plexiglas upon which circular areas (corresponding to count areas) are drawn, where subjects lean their tongue (Delwiche et al. 2001) ; or hand-held cell counters for direct papillae counting (Tepper and Nurse 1997; Guinard 2001, 2002) . These methods rely on stable images of the tongue, which in turn demands low levels of tongue movement. Some studies (Feeney and Hayes 2014b; Sanyal et al. 2016 ) have used plastic tongue holders to hold the tongue in position prior to obtaining images. However, this can produce excessive flattening and distortion of the images (Garneau et al. 2014) .
Equipment choice is mainly a function of the aim of the research and also of the number of subjects to be involved in data collection. Video microscopy, eventually coupled to endoscopy, appears suitable for clinical settings in studies involving a relative small number of subjects, aimed at investigating the anatomy of taste, the features of taste system in eating disorders or pathologic impairments of taste sensitivity, and papillae evolution according to subject characteristics such as age and sex. On the other hand, large-scale studies, aimed at investigating from a broader perspective the relationships between taste responsiveness and food perception, preference, and choice require more portable, easily operatable equipment such as digital cameras and digital microscopy. As a result, such research may suffer from a lack of information on FP functionality since taste pores are not visible, as well as from the relatively low image resolution, which makes FP identification more difficult. Questionnaires built to collect information on possible pathologic sources of taste impairments, the adoption of guidelines for a consistent identification of FP and extensive training of operators intended for image analysis and FP counting, will help in overcoming such limitations. Image scanning and direct counting equipment appear of marginal use for these applications since scan quality is often low. In general, methods which provide middle-low resolution images (digital cameras, digital microscopes, direct count, etc.) are enough if the aim of the study is an arbitrary classification of subjects into FPD classes (i.e., low, medium, high FPD). Conversely, if reliable information concerning TPD or vascular innervation are required, the use of filming techniques (e.g., CLSM, CE, video microscopy) is necessary. It would be interesting to combine the outputs obtained from the 2 approaches on large-scale studies, firstly to confirm the count values obtained from middle-low resolution methods with more reliable methods, and secondly, more importantly, to confirm the early finding that TPD is significantly and positively associated to FPD. Since, the correlation between FPD/TPD has been found in studies conducted on a limited number of subjects (<40) (Miller and Reedy 1990b; Segovia et al. 2002 ) and a huge TPD individual variation was observed (Miller and Reedy 1990a) , large-scale studies on FP functionality may confirm/disconfirm this key issue.
Location and dimension of counting area
FP are unevenly distributed all over the anterior two-thirds of the tongue according to a stereotyped pattern (Jung et al. 2004) , with the highest density found on the tongue tip close to the midline (Tepper and Nurse 1997; Sollars and Bernstein 2000) . Therefore, FPD greatly varies depending on the area of the count. Mean/median values obtained from 33 studies ranged from 22.0 to 136.0 FP/cm 2 are shown in Figure 1 .
Since methods for FP counting are manual, the possibility of predicting the overall papillae number from counting in restricted areas of the tongue has the advantage of being a timesaving procedure. The most widely used approach to estimate FPD considers a single small region of the anterior tongue to provide an indicator of the total number of papillae in this area. This is based on the fact that FP numbers in small regions located in the first 3 cm of the anterior tongue significantly correlate with the total FP number, with the explained variance of these models spanning 13-70%, depending on the region considered (Shahbake et al. 2005) . Therefore, it seems that, if the same area in the anterior tongue is used within a group of subjects, a reliable comparison of FPD between individuals can be obtained. At the same time, extreme caution should be taken when comparing individuals or groups of subjects for FPD values derived from the counting in different anterior tongue areas. FPD values derived from counting on the tongue tip will tend to be higher than those derived from counting FP in more posterior tongue regions. The only study reporting a quantitative comparison of FPD in different count areas for the same adult subjects using the same technique (Segovia et al. 2002) , showed an FPD of, 8.96 ± 0.7 in Area 1 and 3.56 ± 0.4 in Area 2 (being 2 and 6 mm, respectively, from the tip of the tongue), whilst for children the corresponding values were: 11.36 ± 0.7 and 5.16 ± 0.4. Therefore, FPD varied approximately 2.5 folds in adults and 2.2 folds in children within the first 2 cm of the anterior part of the tongue.
Currently, the most reliable indicator of average FPD can be derived from the area located at 1 cm from the tongue tip along the median line. FP numbers in this area have shown the highest correlation with the count of the total number of FP, irrespective of the age, and sex of subjects (Shahbake et al. 2005; Correa et al. 2013; Eldeghaidy et al. 2017 ). However, even at this location, the region selected for FP count can vary in literature in terms of area (from 0.09 to 1.0 cm 2 ) and shape (circular, squared, rectangular). A circular area of 0.283 cm 2 has been most frequently used, irrespective of method, and has been shown to provide a reliable FPD estimation with either video microscopy or digital cameras (Shahbake et al. 2005) . Increasing the selected area did not appear to improve the reliability of FPD values (Shahbake et al. 2005 ).
Operator training and data validation
The consistency of FPD values derived from a manual count of digital images may depend on the adoption of common criteria among scorers to identify FP, on the number of observations required to compute the FPD score, and on the procedure to check the quality of data. The commonly accepted criteria to identify FP on digital images derives from the work of Miller and Reedy (1990a) . Accordingly, FP are identified as pink/uncolored round, elevated spots on the blue background, with a diameter of about 0.5 mm. However, several deviations from the expected shape and color contrast have been reported (Kullaa-Mikkonen 1985; Cheng and Robinson 1991; Segovia et al. 2002; Shahbake et al. 2005; Melis et al. 2013; Masi et al. 2015) . Furthermore, relatively wide variations in size have been found, with the FP diameter ranging from 0.51 to 0.97 mm (Essick et al. 2003) , with children's mean FP diameter significantly smaller than that of the adults (0.49-0.56 mm) (Segovia et al. 2002) .
When manual counting is used to assess FPD, individuals identifying and counting FP may prioritize different aspects of the individual FP (size, shape, color, elevation) and this might account for the highly varied results from the same tongue image independently counted by different operators (Nuessle et al. 2015) . The Denver Papillae Protocol addresses this point by proposing guidelines to help consistent scoring between operators (Nuessle et al. 2015) . The procedure consists of a dichotomous key which defines and prioritizes the characteristics of FP. Operators are guided through subsequent steps to identify FP according to 1) shape, 2) color, 3) size, and 4) elevation. The protocol details the consensus building process on criteria for FP identification using reference images and suggests a maximum 10% difference between scores from 2 independent counters to consider the count and the derived consensus FPD value valid (Nuessle et al. 2015) . Furthermore, corrective actions are described with the inclusion of one-third independent scorer in the case of a lack of consensus. Checking for scorer effects by submitting to one-way ANOVA results from 2 independent scorers has also been suggested as a valid strategy to check for counting reliability with trained operators (Masi et al. 2015) . The effectiveness of the Denver Papillae Protocol has been shown in a study in which its application improved the performance of counters in terms of reduction of variance in counts and increasing accuracy (Garneau et al. 2014) . Scorers being blind to other types of subject data such as PROP status, taste responsiveness, or genetic data will further improve the reliability and consistency of FPD scores (Delwiche et al. 2001; Feeney and Hayes 2014b) . Further research is needed to check the reliability of the scorers over time with the same images, and to check whether different groups of scorers provide reliable count values. These types of studies could provide useful indications to recommend the minimum number of counters and to have further insight on the reliability of the method of manual count itself.
Automated methods: image analysis of tongue pictures
Since manual counting of FP is a time-consuming procedure, automated approaches to FP counts using image analysis have recently been proposed (Sanyal et al. 2016; Valencia et al. 2016; Eldeghaidy et al. 2017; Piochi et al. 2017) . FP counting software (TongueSim) that allows both manual and automatic quantification of FP has been created based on algorithms developed with Matlab (Sanyal et al. 2016) . The software allows the estimation of some parameters such as the total average size of FP, the distance between FP centers and the roundness of FP. However, the algorithm is strictly dependent on a uniform tongue staining applied just to small regions near the tongue tip (Sanyal et al. 2016) . Moreover, to date, the method was validated using only a limited number of observations.
A processing algorithm using cross-correlation between a digital image of the tongue and a prototype papilla has been developed (Valencia et al. 2016) . However, the procedure requires a high degree of intervention by the operator, who must set up some critical parameters such as a reference FP dimension and the space between 2 FP for each subject. These settings may be critical since the dimension of FP may vary within a subject and some subjects show irregular tongues with double papillae (Segovia et al. 2002; Masi et al. 2015) and hair or hair-like projections (Kullaa-Mikkonen and Sorvari 1985) . Therefore, the identification of a reference FP representative of each subject is crucial.
In the approaches of Sanyal and Valencia (Sanyal et al. 2016; Valencia et al. 2016) , the automatic quantification of FP requires individual analysis of each tongue photograph, so the procedures are still quite time-consuming. To address this, a new approach was proposed (Piochi et al. 2017 ) which allows the identification of circular-like elements for different diameters using an algorithm developed with Matlab software which automatically processed images (script). Images of subjects' tongues are automatically modified to binary black and white images (black = background, white = circular-like spots) and the script automatically counts the number of circular-like elements belonging to different diameter sizes visualized on each image. Apart from the selection of the area to be analyzed, the procedure is completely automated, requiring only a few seconds to analyze several images. This approach was tested using a larger number of observations than in the previous studies (Sanyal et al. 2016; Valencia et al. 2016) , and the analysis can be applied to different areas of tongue. The data from this study show good agreement between FPD predicted from automated analysis output and those from manual counts, suggesting that the method is suitable for studies aiming to investigate the relationships between FPD and taste functions (Piochi et al. 2017) . One weakness of the approach by Piochi et al. (2017) is that it does not consider the degree of distortion which may characterize some FP (i.e., some FP may be miss-counted due to their irregular shape). Moreover, the script still requires the tongue to be uniformly stained.
In general, methods which compare manual to automated count are focused on reliability (i.e., obtaining the same result by manual and automated count) rather than on accuracy (i.e., the same elements counted by 2 different methods). According to Denver Papillae Protocol, manual count assumes the circular shape and a diameter size of at least 0.5 mm, as stringent criteria for FP identification on tongue picture (Nuessle et al. 2015) . On the other hand, elements with irregular shape (Sanyal et al. 2016) or with a wider size variation (Piochi et al. 2017) can be identified as FP by automated count. This means that one method may be overestimating elements with a certain size/shape configuration and treating other structures as artifacts, and the other method may be doing the opposite-counting too many artifacts as actual papillae and underestimating papillae with a particular size/shape configuration. The correlations between the manual and automated count can be high (good reliability), even if the 2 methods may not necessarily count the same subsets of elements (low accuracy). To improve accuracy, automated and manual counts should share the same morphological FP features relevant, for example, for shape, dimension, and elevation.
One other point deserving attention is the lack of information on FP functionality from automated counting techniques available so far. However, these automated techniques could be used to screen population subsamples representative of specific FP patterns (Piochi et al. 2017) . The screened population subsamples could be further analyzed by means of powerful techniques, such as CE and CLSM, which allow for observation of FP features related to taste sensitivity (taste pores density, taste bud structure, and blood networking). The relevant information could be used to set up functional criteria for FP automated counting, thus considering only anatomical structures that are relevant for oral responsiveness or which discriminate subjects according to their responsiveness.
Factors contributing to the variability among studies concerning the relationship between FP density and oral are summarized in Figure 2 .
Overall, the quantification of FP still represents a challenge and caution is advised when using software for the automatic quantification of FP. When choosing an automated method, validation of the automatic count by checking on a small subject sample with count values obtained by manual count is recommended. Furthermore, to make simple and reliable the comparison of FP counting from different studies the following cautions should be adopted:
1. Position, shape, and dimension of count area should be carefully defined; possible reference options, widely used in existing studies, are: position at 1.0 cm away from the tip on the tongue midline, where the highest correlation with the total number of papillae was reported (Shahbake et al. 2005) , and a circular shape, dimension of 0.283 cm 2 (Shahbake et al. 2005; Fischer et al. 2013; Feeney and Hayes 2014b; Monteleone et al. 2017 ); 2. Researchers should adopt a shared protocol for the manual count of FP (i.e., the Denver Protocol from (Nuessle et al. 2015) ); 3. Operators should be trained to the protocol and results from their individual counts validated by means of statistic tools.
Conclusions
The present review considered the relationships between FPD and oral responsiveness, the factors affecting FP functionality and methods used to quantify FP. The relationship between FP and oral responsiveness was found to be extremely complex. A linear relationship between the number of papillae and the responsiveness (the higher the FPD the higher the responsiveness) was not found in literature for taste and PROP bitterness. In fact, due to the high variability of taste buds in papillae and the complex neurophysiological mechanisms taking place both at peripheral and central level, the number of papillae itself, does not necessarily reflect differences in perceived intensity of taste and PROP sensations. Previous positive associations between FPD and taste intensity (not confirmed in wide population studies), may have been due to random effects (among other to a high correlation between taste pores number and papillae number found in a determinate pool) which do not represent the rule. The counting technique, the type of oral stimulus, and the population sample represent factors of variability that must be considered to clarify the nature of the relationship between FPD and oral responsiveness. To improve the comparison between data some recommendations are suited for the future, like the adoption of a standardized and shared method for FP density assessment. Studies on the reliability of the operators over time considering the same images are recommended, as well as studies on different groups of researchers in providing reliable count values. These latter types of investigations could provide useful indications to recommend the minimum number of counting operators and to have further insight on the reliability of the method itself. Concerning demographic factors, while the process of aging negatively affects the FPD, results on the gender effect only allow to state that women tend to have higher number compared to man. Large scale studies are recommended to assess whether reliable relationships exist between FP functionality and its shape in healthy subjects.
The effort to systematize the large body of existing data on factors influencing FPD counting and relevant associations to taste responsiveness would aid the experimental planning and data interpretation of upcoming studies aimed at further exploring connections of phenotype markers of chemosensory ability with food perception and preference.
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